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Abstract: The lightning impulse flashover voltage on clean and polluted cap and pin insulators under high humidity 
conditions were measured. It was shown that the negative flashover voltage of non-uniformly polluted insulators is 
about 15% lower than the positive one. Bigger difference of over 25% was found on a model insulator. The 
electrical strength of disc insulators lightly polluted on the upper part of the shed and heavily polluted under shed 
can be twice lower than that of clean insulators. 
 
1. INTRODUCTION 
The electrical strength of clean and dry strings of 
insulators is nearly the same as that of air gap between 
high voltage and ground terminals. It is also valid for 
positive lightning impulses 1,2/50 µs. For 110 kV line 
the lightning flashover voltage with positive polarity is 
about 5 times higher than the power frequency 
operating voltage. However, under switching impulses 
and under heavy contamination, the electrical strength 
of insulators decreases considerably and is only twice 
higher than the operating voltage [1]. This ratio drops 
even to the value 1,5 for ultra high voltage lines with 
air gaps of 10 m [2]. The positive switching flashover 
voltage of clean cap and pin insulators is lower than 
under negative polarity. An opposite performance was 
found 40 years ago. Under artificial rain the negative 
lightning flashover voltage of double long rod 
insulators was lower than that with positive polarity 
[3]. A similar effect was observed for semi-fog and 
anti-fog cap and pin insulators [4]. 
This so called reversal polarity phenomenon was found 
by other researchers on cap and pin insulators [5], on 
line long rod insulators [3] and on post insulators [6] 
under artificial rain conditions. In the previous work of 
the first author it was shown that the negative 
switching flashover voltage of cap and pin insulators 
with non-uniform solid layer can  10% - 15% be lower 
than the positive switching flashover voltage [7]. In 
this paper  the same effect was revealed on similarly 
polluted cap and pin insulators under lightning 
impulses. 
2. RESEARCH OBJECTS AND 
EXPERIMENTAL PROCEDURE 
The standard porcelain cap and pin insulators 
manufactured in Poland and aerodynamic cap and pin 
insulators manufactured in Japan were selected for the 
investigations (Figure 1, Table 1). The 50% lightning 
1,2/50 µs flashover voltage with negative or positive 
polarity, according to up and down method, was 
measured on strings consisted of five insulators.  The 
voltage was measured by means of RC divider and the 
transient analysing system TRAS 25-12 from Straus 
company. 
  
a                             b 
Figure 1: The standard cap and pin insulator (a) and 
the aerodynamic cap and pin insulator (b) 
Table 1: Insulator dimensions. 
Insulator 
Shed 
diameter 
(cm)  
Cap 
diameter 
(cm) 
Leakage 
distance 
(cm) 
Standard 28 12 28 
Aerodynamic 43 11 39 
 
Insulators were hung in a big climatic chamber with 
the dimensions of 7,0 x 5,0 x 7,9 m on the construction 
consting of two post insulators (Figure 2). First, the 
flashover voltage of clean, uniformly polluted or non-
uniformly polluted standard cap and pin insulators was 
measured. The solid pollution layer was used (kaolin 
with the addition of NaCl and CaCl2). ESDD of  
uniform pollution layer had the value of 0,03 mg/cm2. 
The pollution layer absorbed water from the air with 
the humidity of 90% [8]. Before starting of the 
flashover voltage measurement, the insulators were 
conditioned in humid air for 1,5 hour. Next, the surface 
conductivity was measured by means of the rod probe 
[9]. During application of voltage impulses the 
photographs of discharges were taken by a standard 
digital camera. The diaphragm was opened for 1 
second with the help of a trigger impulse light which 
was transferred to the camera through an optical fibre 
cable. 
The additional measurements of breakdown voltage of 
the sphere-sphere air gap with the diameter of 10 cm 
and measurements of flashover voltage of a model of 
cap and pin insulator were carried out. 
ISBN 978-0-620-44584-9
Proceedings of the 16th International Symposium on High Voltage Engineering
Copyright c© 2009 SAIEE, Innes House, Johannesburg
Pg. 1 Paper E-30
 Figure 2: The string of 5 aerodynamic insulators 
installed in the climatic chamber 
3. FLASSHOVER VOLTAGE OF CAP AND 
PIN INSULATORS 
Table 2 contains the flashover voltages of 5 cap and 
pin insulators. The surface conductivity was measured 
before the voltage test and after 1,5 hour conditioning 
in the air with the humidity of 90%. The non-uniformly 
polluted insulators with the measured values of surface 
conductivity are shown in Figure 3. The contaminant 
was deposited on insulators with the help of a brush. 
The clean zones around the caps with the widths of 2,5 
cm (Figure 3a) or 3 cm (Figure 3c) were left. The 
upper sides of the standard insulators shown in Figure 
3b were not polluted. Such non-uniform contamination 
models the condition of insulators which were partly 
cleaned by rain. In these circustances, the discharges 
can burn close to the cap on the upper insulator side. 
Similarly contaminated insulators were studied in 
South Africa under field conditions [10]. 
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Figure 3: The surface conductivity on non-uniformly 
polluted insulators. 
The 50% flashover voltage of clean standard cap and 
pin insulators amounted about 500 kV.  This value 
dropped to about 410 kV under uniform contamination 
with the surface conductivity in the range of 7 – 15 µS 
(Table 2). In  both cases, the negative flashover voltage 
was insignificantly higher than the flashover voltage 
with positive polarity. However, under non-uniform 
pollution the electrical strength decreased twice 
comparing to the value measured under clean 
conditions. Moreover, with negative polarity, the 
flashover voltage is 10% lower than that with positive 
polarity. 
Table 2: Test results. 
Parameter +U50%  −U50% t + t − %50
%50
U
U
−
+
 
 kV kV µs µs  
Clean standard insulators 485 505 12 6 0,96 
Uniformly polluted 
standard insulators  
(7-15 µs) 
410 415 58 62 0,99 
a. Standard with 2,5 cm    
    clean zone 264 244 43 64 1,08 
b. Standard with 11 cm   
     clean zone 310 274 32 39 1,13 
c. Aerodynamic with 3 
cm clean zone 265 245 66 72 1,08 
a, b, c – pollution mode according to figure 3a, 3b, 3c 
The flashover voltage of uniformly polluted standard 
insulators decreased of only 80 kV and that of non-
uniformly polluted insulators dropped of even 200 kV 
comparing to the clean insulators. It should be 
emphasized that medium contamination level of 
insulators shown in Figure 3b is similar to the 
contamination level of uniformly polluted insulators. 
These results confirm the known influence of dry 
bands on electrical strength of insulators under impulse 
voltages [11]. 
  
a                                        b 
  
c                          d 
Figure 4: Discharges on polluted insulators at the 
flashover (a), (c) or at withstand (b), (d) 
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The medium time to flashover of uniformly polluted 
insulators during the tests, according to up and down 
procedure, is considerably longer than that of non-
uniformly polluted insulators Table 2). Very long times 
of 80 µs that are longer than the time to half-value 
were seldom occured. The medium time to flashover of 
polluted insulators measured at negative polarity is 
longer than that measured at positive polarity. Similar 
relation was observed under switching impulses [7]. 
The pictures in Figure 4 show parallel discharges that 
burn in different spots of sheds. Flashovers on standard 
insulators could easily be distinguished from 
withstands by observation with the naked eye. The 
discharges which do not lead to flashover emit less 
light, have smaller diameter and are shorter. The 
flashovers and withstands on aerodynamic insulators 
are sometimes difficult to differentiate by discharges 
observing. This difficulty is caused by the fact, that the 
critical discharge length under impulse voltages is 
longer than the critical discharge length under the 
alternating voltage. Therefore, the best criterion is the 
voltage fall after the flashover. 
4. EFFECT OF IMPULSE POLARITY ON 
MODEL ARRANGEMENTS 
The lower negative flashover voltage of non-uniformly 
polluted cap and pin insulators can be explained by the  
reversal polarity phenomenon occurring in air gaps 
with a weakly non-uniform electrical field. The 
negative breakdown voltage of sphere-sphere air gap 
with a uniform field (when the ratio of sphere distance 
S to the sphere radius R is lower than 0,7) is equal to 
that of positive polarity. In non-uniform field, when 
S/R > 1,4 the negative breakdown voltage is higher 
than the positive breakdown voltage. In the 
intermediate ratio 0,7 < S/R < 1,4 the electrical strength 
under negative impulses is lower [12]. This effect was 
corroborated for the sphere-sphere air gap with the 
radius of 5 cm under lightning impulses (Figure 5). 
Both spheres were built on the post insulators with the 
height of 120 cm. The smaller negative voltage was 
found for the ratio 1,2 < S/R < 2,4.  It is interesting that 
the non-uniformity factor (the ratio of maximum field 
to the average field) is equal to 1,3 for S/R = 1,2 and 
1,7 for S/R = 2,4. 
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Figure 5: Breakdown voltage of sphere-sphere air gap 
with the diameter of 10 cm 
A similar performance is also known for a post 
insulator with a special, internal electrode (Figure 6). 
The internal electrode alignes the field distribution on 
the external surface in the vicinity of the upper flange. 
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Figure 6: The flashover voltage of post insulator as a 
function of the internal electrode length [13] 
The additional measurements  were carried out with 
round flat glasses with a diameter of 25 cm. The top 
electrode which modelled the cap had the diameter of 
4,5 cm. The opposite electrode was in the form of a 
disc with the diameter of 25 cm and/or a metal band 
wrapped around the glass disc (table 3). When the high 
voltage electrode has the greater diameter than the 
grounded electrode, then the negative flashover voltage 
is smaller than the positive flashover voltage (tab. 3). 
The highest ratio U+/U − = 1,29 was found on the 
model with the thickness of 3 cm with an additional 
graphite ring with the width of 4 cm which was put on 
the upper surface. When the high voltage electrode had 
the smaller diameter than the grounded electrode, then 
the positive flashover voltage was smaller than the 
negative flashover voltage. 
Table 3: The ratio of positive flashover voltage to the 
negative flashover voltage for model insulators 
Arrangement 
Plate 
thickness 
(cm)  −
+
U
U
 
 
 
 
 
 
3 
 
 
1,29 
 
 
 
 
 
1,2 
 
 
1,15 
 
 
 
 
 
1,2 
 
 
0,82 
 
The flashover voltage as a function of glass thickness 
was also measured for a model with the high voltage 
electrode in the form of a disc with the diameter of 25 
cm (fig. 7). The voltage ratio U+/U− increases with the 
glass thickness. The electrical field close to the upper 
electrode, which models the cap, decreases with the 
glass thickness. Such a model of non-uniformly 
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polluted cap and pin insulator represents also a well 
known model of a bushing insulator on which the 
characteristic creeping discharges develop. Taking into 
account the fact that the reversal polarity phenomenon 
is observed for the sphere-sphere gap, it could be 
supposed that this effect is caused by the non-uniform 
field and not by creeping discharges. 
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Figure 7: Influence of glass thickness on the reverse 
polarity phenomenon. 
 
5. DISCUSSION 
The flashover process consists of three phases: the 
breakdown of dry/clean band, the propagation of 
discharge along the pollution layer and the final 
breakdown. The last phase occurs when the discharge 
reaches the so called critical length. Under the 50 Hz 
alternating voltage the critical length amounts about 
60% of the leakage distance but at switching voltages it 
can reach 80% of leakage distance [14]. The same such 
long critical length have  discharges under lightning 
impulses what confirmed authors’ observation (fig. 
4d). 
The speed of the final breakdown is very high and 
depends on the impulse polarity. These values can be 
estimated from the measurements of times to flashover 
on standard insulators. For clean standard insulators the 
times for positive and negative impulses amounted 
respectively 12 and 6 µs (tab. 2). Let us assume, both 
times can be divided into two equal times of discharge 
propagation over the upper and lower part of the shed. 
The times to flashover amounted 32 and 39 µs when 
the upper insulator part was clean and the lower part 
was contaminated. The time of final breakdown for 
positive impulse polarity amounts 32 – 6 = 26 µs and 
for the negative polarity 39 – 3 = 36 µs. The bottom 
part of the leakage distance of the standard cap and pin 
insulator has the length of 17 cm. The discharges 
develop simultaneously on every insulator in the string. 
Therefore, the discharge speeds of final breakdown can 
be calculated as 66 and 58 km/s, respectively for 
positive and negative polarity. So estimated speeds are 
about 4 times higher than the discharge velocity found 
by H. Streubel during testing of insulators under 
switching impulses and artificial rain [3]. The arc 
speed on a cylindrical insulator, just before the final 
breakdown was estimated by Erler as 9 km/s [14]. The 
arc velocity in the final breakdown is at least a few 
times higher than in the former phase of propagation. 
The lower value of final breakdown propagation in 
Erler’s experiment is caused by the different number of  
discharges on cylindrical insulator (one arc) and on the 
string of 5 cap and pin insulators (5 arcs). Additionally,  
water deposit density on cylindrical insulator was 
many times higher than on cap and pin insulators. 
Previous reaearchers have shown that the discharge 
speed increases with the number of arcs [14] and 
decreases with the pollution layer thickness [15, 16]. 
When the dry band is formed at the pin on the bottom 
part of insulator, then due to a small pin diameter, the 
electrical field in the dry zone is very non-uniform. 
Therefore, the negative breakdown voltage of dry band 
is higher than that of positive polarity. In this case the 
same relation is valid for flashover voltage of  a single 
cap and pin insulator and the whole insulator string. 
6. CONCLUSION 
When the dry band is formed at the pin on the bottom 
part of insulator, then due to a small pin diameter, the 
electrical field in the dry zone is very non-uniform. 
Therefore, the negative breakdown voltage of dry band 
is higher than that of positive polarity. In this case the 
same relation is valid for flashover voltage of  a single 
cap and pin insulator and the whole insulator string. 
This phenomenon appears when dry bands are formed 
at the cap under the operating voltage. Such conditions 
are usually possible under high air humidity. 
Under uniformly pollution with small ESDD = 0,02 
mg/cm2 the flashover voltage, compared to the clean 
state, decreased about 20%. Under non-uniform 
pollution (weakly contaminated upper side and heavy 
polluted bottom side) the flashover voltage decreases 
about 50%. 
The reversal polarity phenomenon was found for 
lightning and also for switching impulses. Therefore, 
this effect should be taken into account for 
dimensioning of long insulators strings. 
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